A non-linear integrated aeroelasticity method was applied to the utter analysis of a complete civil aeroengine fan assembly, including an intake duct. A viscous unsteady ow representation was used together with nodal diameter assembly modes in order to predict the modal time histories of three di erent con gurations: no intake, symmetric intake and non-symmetric ight intake. The blade's dynamic behaviour was found to be di erent for each con guration considered, indicating the in uence of intake ducts on utter stability.
Introduction
Vibration is a universal engineering problem and most components, which are subjected to high-speed air ow, are also susceptible to self-excited vibration, or utter. There is a long history of utter problems in the design of aero-engine fans. While the need to avoid utter to preserve fan integrity is obvious, it should also be noted that utter is increasingly becoming a limiting factor in developing improved-e ciency designs, especially when exible, slender and unshrouded blades are used. Since predictive methods have had limited capability, utter-related instability problems can be encountered at a relatively advanced stage in the design cycle and hence result in expensive re-designs and additional test programs.
While it is known that the occurrence of fan utter is dominated by unsteady aerodynamics, parameters such as inlet distortion and the geometry and acoustical properties of intake ducts are also known to play an important part 1 . For instance, significant di erences in the utter characteristics of the same physical engine may be found between ight and rig tests, highlighting contributions from intake e ects, platform annulus llers, wind conditions, etc.
Studies of the acoustics of variable area ducts with quasi one-dimensional ow models have been carried out by Gupta et al. 1995 2 , who used a segmentation approach, and by Campos & Lau 1996 3 who assumed a low Mach n umber and that the acoustic wavelength was negligible compared to the length scale of the cross-sectional area variation, allowing them to derive an analytical solution. Nayfeh et al. 1979 4 , 1980 5 have used a mixture of analytical and numerical methods to study the acoustics of non-uniform circular and annular ducts with a range of mean ow pro les for both hard and soft wall boundary conditions. All of the above-described work is of limited use for modelling realistic aero-engine intake duct geometries since the e ects of three dimensionality, of duct termination, of area changes which are not necessarily small or axisymmetric and of novel boundary conditions imposed by the presence of the fan cannot be fully taken into account. However, three dimensional, non-linear CFD calculations for intake ducts have already been reported by Ozyoruk and Long 1996 6 , 1997 7 who studied ducted fan noise. Near eld acoustics were determined via the Euler equations while far eld noise was calculated using a moving surface Kirchho formula.
With recent advances in unsteady ow modelling capabilities, it is now possible to undertake a full CFD analysis of an intake duct, together with a representative fan model. Such a route will be explored in this paper.
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Aeroelasticity Modelling
Overview of the aeroelasticity system
The aeroelasticity code, AU3D, is based on unstructured meshes and the aerodynamic part is an edge-based upwind solver 8 . The ow geometry is described using general grids of 3D elements such as tetrahedra, hexahedra and wedges, a feature that o ers great exibility for modelling complex shapes. The time stepping is done in an implicit fashion and hence very large CFL numbers can be used without creating numerical instabilities in the solution algorithm. The code can be run in viscous mode via Reynolds-averaged Navier-Stokes equations with Baldwin-Barth or Spalart-Allmaras turbulence models. The structural part of AU3D uses a modal model obtained from a 3D nite element representation. It is inherently assumed that the structural behaviour is linear and that the amplitude is small compared to the blade's chord. The modeshapes are interpolated onto the uid mesh and hence velocities and displacements can be calculated without interpolation during the coupled motion. The equations are advanced in time using the Newmark-method, which is unconditionally stable. During the course of the aeroelastic computations, the mesh is moved dynamically at each time step in order to adapt to the instantaneous shape and position of the deformed structure. The equations are solved in a partially-integrated manner, as shown in the following diagram.
Mesh generation
It is well-known that the computational mesh must be selected carefully in order to achieve an accurate determination of complex turbomachinery ow elds. The minimisation of skewness and the optimization of smoothness generally result in faster convergence and less mesh-dependent solutions. Historically, mesh generation techniques for turbomachinery blades use structured hexahedral representations, the most commonly used ones being Htype, C-type and O-type. These meshes can be obtained using an algebraic approach or by solving a system of elliptic partial di erential equations. However, structured meshes allow relatively poor grid control and super uous points are generated elsewhere while attempting to have good leading and trailing edge descriptions. A novel semiunstructured meshing technique has been proposed by Sbardella et al 1997 9 to circumvent such problems while generating computationally e cient meshes. Noting that blade-like structures are not strongly three-dimensional, it is possible to develop optimum meshes for their discretization. A bodytted, structured O-mesh is used rst around the aerofoil to resolve the boundary layer. It is then extended in an unstructured fashion up to the fareld boundaries, the triangulation being performed using an advancing front technique. Several such 2 D meshes are generated along the blade's height and a 3D grid of hexahedra is obtained by simply connecting the corresponding points of di erent l a yers. For the fan blade geometry studied in this paper, the unstructured 2D mesh in the blade's plane is shown in Fig. 1 while the mesh for the whole blade is plotted in Fig. 2 . For the symmetric intake, the mesh was generated in three parts: the fan blade, the spinner and the intake core Figs. 3 & 4. The second intake studied was a representative ight i n take, with a droop and a non-symmetric curvature. A mesh was produced using tetrahedral elements because of their exibility in modelling complex geometries Fig. 5 . The tip leakage and end-wall boundary layer e ects were not included in the model.
Case Study
The case study is focussed on a 22-bladed fan running at 75 speed and three di erent con gurations were considered: no intake, symmetric intake and non-symmetric ight i n take. The utter analysis requires the determination of a steady ow a s a starting point. First, a single passage steady-state ow solution was obtained without an intake. The symmetric intake w as added and a new single passage solution was computed. The Mach n umber contours are shown in Fig. 6 for this case. The solution is characterised by a shock standing near the leading edge and a further wave propagating upstream inside the intake duct.
The non-symmetric intake con guration has no true steady-state solution though it has a periodic solution and, strictly speaking, a single passage analysis is no longer valid because of the loss of sym-2 American Institute of Aeronautics and Astronautics AIAA-99-0238 metry. Nevertheless, it was decided to compute a single passage steady-state solution and to expand it for the whole annulus so that it could be applied as a boundary condition to the ight intake in order to obtain a starting solution for the complete geometry. For the other two con gurations, the single passage steady-state result was also expanded to obtain a whole-annulus steady-state ow solution so that the time-accurate unsteady viscous utter calculations could be conducted for all possible nodal diameter assembly vibration modes corresponding to the rst ap mode of the fan blade. Using about 60,000 per blade passage, such an approach resulted in 1.5 million points for the no intake case, 2.5 million points for the symmetric intake and 1.8 million points for the ight intake. Because of the edgebased nature of the solver, both intake computations required about 1 Gb memory for the unsteady viscous ow computations with moving meshes.
Starting from a steady-state solution, the utter calculations were initiated by giving a velocity impulse all three fan assemblies. The time step was chosen such that 150 points were used during one vibration cycle of the rst ap mode. Such a calculation took about 3 weeks on a dedicated DEC Alpha workstation with a 633 MHz 21164 CPU. The utter stability was assessed by monitoring the decay or growth of the modal time histories for several vibration cycles. Typical example is shown in Fig. 7 for the symmetric intake unstable case. The study of the time histories for the non-axisymmetric intake case requires special treatment as the droop geometry creates a strong 1 engine order component in the predicted response. Therefore, it was necessary to process the results to establish a growing or decaying trend. Examples are given in Figs. 8 and  9 .
In all cases, the damping values were extracted by considering the slope of the amplitude of the predicted travelling wave time histories. The results are summarised in Fig. 10 for all three con gurations. It is clearly seen that the intake has a large in uence on utter stability. This feature can also be seen by considering the steady and unsteady pressure distributions inside the intake Figs. 11 and 12. There is little variation of the static pressure from about the middle of the intake duct. However, after about two vibration cycles, the unsteady pressure distribution becomes markedly di erent. The unsteady pressure wave has propagated into the duct with signi cant forward swirl.
Concluding Remarks
An integrated aeroelasticity model has been used to determine the utter stability of a fan assembly by studying three di erent con gurations. A representative i n tegrated aeroelasticity model, incorporating an unsteady viscous representation of the ow and the vibration modes of the fan assembly vibration modes, was used in the calculations. The results indicated signi cant sensitivity to the type of the intake used. Further analysis revealed that strong interactions took place between the unsteady aerodynamics of the fan and the intake. 
